The exceptional ability of the turtle brain to survive prolonged anoxia makes it a unique model for studying anoxic survival mechanisms. We have used epi illumination microscopy to record blood flow rate in ve nules on the cortical surface of turtles (Trachemys scripta). During anoxia, blood flow rate increased 1.7 times after 45-75 min, whereupon it fell back, reaching preanoxic values after 115 min of anoxia. Topical super fusion with adenosine (50 /-LM) during normoxia caused a 3.8-fold increase in flow rate. Superfusing the brain with
Freshwater turtles of the genera Trachemys and Chrysemys possess the exceptional ability among vertebrates to tolerate prolonged anoxia, surviving days of anoxia at room temperature and several months at temperatures close to ooe (Ultsch, 1989) .
In vertebrates, from mammals (Hansen, 1985; Siesjo, 1992) to fish (Nilsson et aI., 1993) , the brain is particularly sensitive to anoxia, rapidly losing ATP levels-the primary cause of neuronal death. To maintain brain ATP levels, turtles utilize two cooperating strategies. An initial enhancement of glycolytic ATP production is followed by deep hy pometabolism (Lutz, 1992) .
An increased glycolytic rate would probably de mand increased cerebral blood flow and/or an ele vated blood glucose level. Previous studies on tur tles using the microsphere technique have shown an approximately threefold increase in cerebral blood the adenosine receptor blocker aminophylline (250 /-LM) totally inhibited the effects of both adenosine and anoxia, while aminophylline had no effect on normoxic flow rate. None of the treatments affected systemic blood pressure. These results indicate an initial adenosine-mediated in crease in cerebral blood flow rate during anoxia, probably representing an emergency response before deep meta bolic depression sets in. Key Words: Aminophylline Brain-Trachemys scripta-Vasodilation.
flow after 30 min in anoxia (Davies, 1989 (Davies, , 1991 , while a 45% increase has been calculated from H2 clearance (Bickler, 1992a) . Since systemic blood pressure remains unaltered during anoxia, Davies (1991) suggested that cerebral vasodilation occurs.
Although the response to anoxia in turtles is a dynamic process, the time course of changes in ce rebral blood flow has not been studied. Moreover, there is no information on the involvement of en dogenous vasodilators. Adenosine is of particular interest here. In anoxic turtles, adenosine has been found to be released in brain, reaching levels of 20-40 fLM extracellularly (Nilsson and Lutz, 1992) .
In the present study, we have used epi illumination microscopy to measure cortical blood flow rate during normoxia and anoxia in turtles. In addition, we have examined the possible role of adenosine in the regulation of turtle brain blood flow.
MATERIALS AND METHODS
Experiments were performed at 20 ± 1°C. Turtles (Tra chemys scripta, weighing 350-500 g) were anesthetized (50 mg pentobarbital/kg i.p.), and ventilated with air via endotracheal intubation. A 5 x 5-mm area of the skull above the telencephalon was removed, and a small open ing in the dura was made. The cortical surface was su perfused (100 fLl/min) with an unbuffered Ringer solution (125 mM NaCl, 2.5 mM KCI, 1.3 mM CaCI2, 1.2 mM MgS04, pH 7. 4).
A Leitz Ortholux microscope with a Leitz UJtropak epi-illuminator was used to measure blood flow rate (erythrocyte velocity) in venules on the cortical surface as described by Nilsson et al. (1994) . For each experi mental regimen, blood pressure in the right subclavian artery was recorded from at least one animal.
Anoxia was achieved by N2 respiration. Drugs (from Sigma Chemical Co.) were dissolved in the Ringer solu tion superfusing the brain.
Blood flow rates (fLm/s) were normalized to percentage values. The average rate observed in each individual dur ing the initial control period was set to 100%. Changes were evaluated using the Wilcoxon rank sum test (two tailed).
RESULTS
Initially, turtles responded to anoxia by a consid erable increase in brain blood flow rate (Fig. lA) . The flow rate reached 171 ± 58% (range 144-306%) of the normoxic flow after 65 min of anoxia (p = 0.001 compared with the last normoxic value). After 85 min of anoxia, the flow rate started to fall, reach ing the normoxic control values after 115 min.
When the brain was superfused with 50 tJ-M aden osine during normoxia, the blood flow rate reached 384 ± 148% of the control values (p = 0. 03) (Fig.  lB) . The effect of adenosine was significantly (p = 0. 02) higher than the peak effect of anoxia. The adenosine effect could be completely inhibited by 250 tJ-M of the adenosine receptor blocker aminoph ylline, while aminophylline per se had no effect on the control brain blood flow rate (results not shown). Figure 2A shows that when blood flow rate was stimulated by anoxia (rising to 181 ± 34% in this experiment), adenosine (50 tJ-M) was able to cause a further increase in flow rate (p = 0. 05 compared with anoxia alone), reaching 241 ± 36%. The com bined effect of anoxia and adenosine ( Fig. 2A) was not significantly different from that caused by aden osine alone (Fig. lB) . However, the effect of aden osine per se during this early phase of anoxia was significantly less than during normoxia (p = 0. 02), presumably because adenosine was superfused over vessels that were already dilated. Later on during anoxia, when the flow rate was close to the original normoxic value, adenosine superfusion re sulted in a flow rate that was 218 ± 34% of the normoxic rate ( Fig. 2A ). This was not significantly different from that caused by adenosine during nor moxia (Fig. lB) .
While superfusing the brain with 250 tJ-M ami nophylline had no effect during normoxia, it com pletely abolished the anoxia-induced increase in brain blood flow (Fig. 2B) . No changes in the diameter of the venules were observed in response to the treatments. However, the increased flow rates measured may be underes timates of the actual increases in whole-tissue flow, since additional venules may open up and the lumi nal cross-sectional area may increase when the flow increases.
Systemic blood pressure remained unchanged during anoxia and when the brain was superfused with adenosine or aminophylline ( Figs. 1 and 2) .
DISCUSSION
The present study shows that anoxia causes an initial temporary increase in brain blood flow rate, since flow rates fell back to normoxic values after � 115 min in anoxia. These time-dependent changes have not been observed previously and could ex plain discrepancies between earlier studies on tur tles. Davies (1989 Davies ( , 1991 , using microspheres, found an approximately threefold increase in brain blood flow after 15-30 min of anoxia (25°C). By contrast, Bickler (1992a) , who estimated the average blood flow (from H2 clearance) between 0. 5 and 3 h of anoxia, found a relatively modest increase (45% at 25°C).
Adenosine has repeatedly been shown to cause an increase in brain blood flow in mammals by stim ulating arterial vasodilation in brain (Berne et al., 1974; Morii et aI., 1987) , probably mainly via A2receptors. Adenosine can also act as an inhibitory neuromodulator in the mammalian brain (via Ac receptors), by decreasing neuronal excitability and neurotransmitter release (Stone, 1981; Proctor and Dunwiddie, 1987) , and adenosine has been found to stimulate glycogenolysis (Magistretti et al., 1986) .
Because adenosine can mediate both increased en ergy production and depressed energy use, it is an almost ideal candidate for a promoter of anoxic sur vival.
The observations that an increase in blood flow rate was elicited by adenosine during normoxia and that the flow rate increases caused by anoxia or adenosine could both be blocked by the adenosine receptor antagonist aminophylline suggest that the anoxia-induced increase in brain blood flow is me diated by adenosine. It would appear that the an oxic response does not represent the full capacity for increasing brain blood flow, since adding aden osine during anoxia further boosts the flow rate. The effect of aminophylline might be dual, since it is possible that ethylenediamine, a -y-aminobutyric acid mimetic that is released from aminophylline (Stone and Perkins, 1984) , could diminish endoge nous adenosine release by depressing neuronal en ergy use through -y-aminobutyric acid receptor stim ulation.
Adenosine, a product of ATP breakdown, is rap-idly formed and released during energy shortage in the mammalian brain (Rudolphi et aI. , 1992) . In the anoxic turtle brain, a 12-fold increase in the extra cellular adenosine level was recently detected by microdialysis (Nilsson and Lutz, 1992) . Like the in crease in blood flow rate presently observed, the adenosine level fell back after 1 or a few h (Nilsson and Lutz, 1992) , providing a further indication that a release of adenosine may underlie the temporary increase in brain blood flow rate seen during an oxia. The observation that an adenosine response can be produced during the late low blood flow an oxic stage indicates that this mechanism is not down-regulated during prolonged anoxia. This also supports that the rise and fall in adenosine are cau sal factors for the changes in anoxic brain blood fl ow.
The adenosine release during prolonged middle cerebral artery occlusion in cats has also been found to decline after 1 h, although the impaired cerebral blood flow stays constant (Matsumoto et aI., 1993) . However, in contrast to anoxia in turtles, ischemia in cats is a pathological event, and blood flow may here be maintained at the maximal possi ble rate by nonpurinergic mechanisms.
Results that rather closely correspond to the present ones were recently obtained in analogous experiments with anoxia-tolerant crucian carp (Nilsson et aI., 1994) ; i. e., brain blood flow rate increased in response to both anoxia and adenosine, and the anoxic effect could be blocked with ami nophylline. However, while the increase in flow rate displayed by the turtle was temporary, the cru cian carp showed a sustained twofold increase in blood flow rate during at least 6 h of anoxia. Such species differences may relate to a higher degree of metabolic depression in turtles (Lutz and Nilsson, 1994) .
We would like to propose the following model for the role of adenosine in anoxic survival of the turtle brain: A release of adenosine, derived from an ini tial fall in adenosine phosphates, functions as an emergency signal, causing elevated brain blood flow. The increased glucose delivery (and lactate removal) allow the brain to greatly increase its gly colytic rate and match A TP production with ATP consumption. When metabolic depression becomes fully operational, the demand for ATP decrea�es and blood flow falls in response to declining aden osine levels. The metabolic depression may be caused by the combined action of inhibitory neuro transmitter release (Nilsson and Lutz, 1991, 1993) and down-regulation of Na + and Ca 2 + channels (Bickler, 1992b; Perez-Pinzon et aI., 1992; Bickler and Gallego, 1993) . In addition, it is likely that J Cereb Blood Flow Metab, Vol. 14, No.5, 1994 adenosine itself may mediate metabolic depression as indicated by the results of Perez-Pinzon et ai. (1993) in turtles and Nilsson (1991) in anoxia tolerant crucian carp.
